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We present an analysis of two experimental approaches to controlling the directionality of molec-
ular rotation with ultrashort laser pulses. The two methods are based on the molecular interaction
with either a pair of pulses (a “double kick” scheme) or a longer pulse sequence (a “chiral pulse
train” scheme). In both cases, rotational control is achieved by varying the polarization of and
the time delay between the consecutive laser pulses. Using the technique of polarization sensitive
resonance-enhanced multi-photon ionization, we show that both methods produce significant rota-
tional directionality. We demonstrate that increasing the number of excitation pulses supplements
the ability to control the sense of molecular rotation with quantum state selectivity, i.e. predomi-
nant excitation of a single rotational state. We also demonstrate the ability of both techniques to
generate counter-rotation of molecular nuclear spin isomers (here, ortho- and para-nitrogen) and
molecular isotopologues (here, 14N2 and
15N2).
PACS numbers: 32.80.Qk,42.50.Ct
Control of molecular rotation with strong non-resonant
laser fields has become a powerful tool for creating en-
sembles of aligned [1–4], oriented [3, 5, 6] and spinning
molecules [7–10]. Numerous applications of rotational
control in molecular systems include control of chemical
reactions [2], deflection of neutral molecules by external
fields [11–13], high harmonic generation [14, 15], and con-
trol of molecular collisions with atoms [16] and surfaces
[17–21]. Alignment of molecular axes has been imple-
mented with transform-limited and shaped laser pulses
using various approaches (see, e.g. [1, 2, 22–25]). Increas-
ing the degree of molecular alignment has been achieved
by employing a sequence of laser pulses (a “pulse train”)
separated by the time of rotational revival [26–29]. Vary-
ing the time delay between pulses has been used to pro-
mote molecules to a particular angular momentum state
[30].
Creating molecular ensembles with a preferred direc-
tion of rotation has been demonstrated in the adiabatic
regime of excitation with the “optical centrifuge” [7, 31–
34] and in the non-adiabatic regime of excitation by vary-
ing the delay and polarization between a pair of laser
pulses (“double kick”) [8, 9]. In our recent Letter [30]
we demonstrated an alternative approach to generating
uni-directional rotation by means of a“chiral pulse train”
- a sequence of linearly polarized pulses with polarization
rotating from pulse to pulse by a controllable angle. By
tailoring the train parameters, i.e. the polarization angle
and delay between the pulses, we produced clockwise or
counter-clockwise uni-directional rotation.
In this work we perform an experimental analysis of
both the double-kick and chiral pulse train techniques,
and compare their properties. Using the technique of
polarization sensitive resonance-enhanced multi-photon
ionization (REMPI), we study the degree of rotational di-
rectionality induced by the two excitation methods, and
its dependence on the excitation parameters. In the case
of a chiral pulse train, we show and explain the distinct
ability to control the sense of molecular rotation in a
state-selective manner, i.e. simultaneously with predom-
inant excitation of a particular Raman transition between
angular momentum states. We demonstrate experimen-
tally that both techniques are suitable for creating en-
sembles of counter-rotating, i.e. rotating in opposite di-
rections, nuclear spin isomers of molecular nitrogen. Pro-
ducing a sample with oppositely rotating isotopologues,
14N2 and
15N2, is also investigated and shown feasible
with the double-kick method.
Our experimental setup is shown in Fig.1. Cold nitro-
gen is produced by a supersonic expansion from a pulsed
valve nozzle (Even-Lavie valve, EL-5-C-S.S.-2010). The
rotational temperature of the molecules in the beam is 6-
8 K. It is calculated from the detected REMPI spectrum
and determines the initial rotational distribution, rather
than the rate of collisional decoherence, which is negligi-
ble at room temperature and the estimated gas pressure
in the beam of 10−5 Torr. The molecular beam enters
the detection chamber through a 1 mm-diameter skim-
mer. The molecules are excited by femtosecond pulses
from either a beamsplitter with a tunable time delay arm
(double-kick), or a home made pulse shaper based on a
liquid crystal spatial light modulator (chiral pulse train),
as shown in Fig.2.
The rotational distribution is probed by resonance
enhanced multi-photon ionization with narrowband
nanosecond pulses from a tunable dye laser (Sirah, Preci-
sion Scan, 2 mJ at 283 nm and 10 Hz repetiton rate). The
ions are extracted with a time-of-flight (TOF) apparatus
and the total ion signal is measured with a microchannel
plate detector. In order to reduce the ionization back-
ground from pump pulses, the position of the pump beam
is shifted by a few hundred µm upstream with respect to
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Friday, July 13, 12FIG. 1: (Color online) Experimental setup. Cold nitrogen
molecules from a supersonic expansion enter the detection
chamber through a 1 mm-diameter skimmer. The rotational
temperature, calculated from the REMPI spectrum, is 6.3 K.
The molecules are excited by a double-kick scheme or a chiral
pulse train (solid red line) produced by pulse shaping. The
probe beam (dashed blue line) is sent through a telescope
to control the beam diameter in the focal plane, a polariz-
ing cube to ensure linear polarization, and a Pockels cell to
alternate probe polarization between right and left circular.
The pump and probe beams are combined on a dichroic mir-
ror and focused on the molecular beam with a 150 mm focal
length lens. The pump beam is shifted a few hundred µm
upstream with respect to the probe beam and the ions are
extracted and detected with a standard time-of-flight (TOF)
apparatus. A paper screen is used to position the beams in
space and photodiodes are used to monitor the power of each
beam.
the probe beam, while the time delay between the pulses
is set to let the excited molecules reach the probe focal
spot. To measure the directionality of molecular rotation
with high accuracy and low susceptibility to the power
fluctuations of the nanosecond dye laser, a Pockels cell is
used to alternate circular polarization of the consecutive
probe pulses between left and right. From the symmetry
consideration, a molecular state with a certain value MJ
of the projection of its total angular momentum on the
laser beam axis, is coupled to the ionization continuum
by a left circularly polarized probe field with an equal
strength to that of a right circular polarization acting on
a state with an opposite projection −MJ . Hence, the
difference in the ionization rate between left and right
circularly polarized probe pulses reflects the asymmetry
in the M -distribution, or equivalently, the directionality
of the induced rotation [9, 30].
Both the double-kick excitation field and the chiral
pulse train are obtained from the output of a regener-
ative amplifier (Spectra-Physics, Spitfire, 120 fs, 2 mJ at
800 nm and 1 KHz repetition rate). In both cases, the
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Figure 3.4: Polarization sensitive cross-correlation setup.
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Figure 3.5: Cross-correlation of a pulse train (top) and polarization graph for
a d = 45 deg train (bottom).
angle of the half-wave plate.
To characterize a pulse train two measurements were done. First, a pulse train
with constant vertical polarization is created by the shaper. The l/2 plate is set to
have no effect on this state of polarization. The cross-correlation of the pulse train
and the TL reference pulse of the same polarization was obtained. An example of
a pulse train with a period of about 8 ps is shown in Fig.3.5, upper panel.
Pulse shaping was then applied to obtain a train with the same train period and
rotating polarization. The time delay of the reference pulse was set to overlap with
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FIG. 2: (Color online) Optical setups used for the (a) double-
kick and (b) chiral pulse train techniques. The double-kick
setup consists of a polarization beam splitter with one arm
passing through a computer-controlled delay line and a λ/2
waveplate for time and polarization control, respectively. The
energy ratio of the two pulses is controlled with an in ut λ/2
waveplate. The chiral train setup consists of a spectral pulse
shaper in a standard 4f geo etry with a double-layer spatial
light modulator (CRi 640) [35]. A qu rter-wave plate converts
elliptical polarization to linear polarization to create the chiral
train (see text for details).
time duration of individual pulses in a pulse sequence
(< 500 fs) is much shorter than the rota ional period f
nitrogen in the low rot onal st tes considered in this
work (J ≤ 5). The double-kick field is ob ed using
a beamsplitter with a tunable tim delay rm as shown
in Fig. 2(a). The energy of th wo pulses is equ lized
with an input half-wave plate. One pul is sent to
stage-mounted retroreflector and a second wave plate to
control both the time delay, τ , and pol rization angle, δ,
relative t the o her pulse. The two parall l femtosecond
beams are combined with a nanosecond probe beam on
a dichroic mirror, and then focused by a 150 mm-focal
length lens into the vacuum chamber.
The chiral pulse train is obtained by phase-only shap-
ing by means of a spectral pulse shaper implemented
in a standard 4f geometry with a double-layer spatial
light modulator (SLM) in its Fourier plane as shown in
Fig.2(b) [35]. The two shaper masks control the spectral
phases ϕ1,2(ω) of the two polarization components of an
input pulse along the two orthogonal axes of the shaper,
eˆ1 and eˆ2. If ϕ1,2(ω) = A sin[(ω − ω0)τ + δ1,2], where ω0
is the optical carrier frequency, A is the modulation am-
plitude, τ is the train period and δ1,2 are two arbitrary
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FIG. 3: (Color online) Characterization of the chiral pulse
train. A pola ization ensitive cross-c rrelatio echnique is
used to characterize the train (upper panel). Middle panel
shows the measured (thin red) and calculated (thick green)
pulse trains with non-rotating polarization and train period
τ = 8 ps. Lower panel shows the results of the polarization
sensitive cross-correlation measurement for the chiral pulse
train. White diamonds and dashed lines mark the peak po-
sitions of the non-linear signal for the 7 pulses in the train.
The half-wave plate is rotated by ≈ 22.5◦ from peak to peak,
indicating that the polarization is rotated by 45◦ between
consecutive pulses (δ = pi/4).
angles, the resulting field is:
E(t) =
∑
i=1,2
eˆi(eˆi · eˆin)
∞∑
n=−∞
Jn(A)ε(t+ nτ) cos[ω0t+ nδi],
(1)
where ε(t) is the electric field envelope of the original
pulse polarized along eˆin. Eq.1 describes a train of ellip-
tically polarized pulses, with the polarization ellipticity of
the n-th pulse defined by the phase difference n(δ1− δ2).
A quarter-wave plate, oriented along eˆin, converts this
elliptical polarization back to linear, rotated by an angle
n(δ1 − δ2)/2 with respect to the input polarization. By
choosing δ1 = −δ2 = δ, we can create a pulse train with
the polarization of each pulse rotated with respect to the
previous one by angle δ. The period of the polarization
rotation is Tp = 2piτ/δ.
We experimentally characterize the chiral pulse train
by polarization sensitive cross-correlation technique us-
ing the setup shown in Fig.3 (upper panel). Prior to
overlapping the train with a transform-limited reference
pulse on a nonlinear crystal for second harmonic gener-
ation, the train passes through a variable polarization
analyzer consisting of a rotatable half-wave plate and a
fixed linear polarizer. A delay line is used to overlap
the reference pulse with any sub-pulse in the pulse train.
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FIG. 4: (Color online) REMPI spectra of 14N2. Relevant
peaks of the S-branch are labeled by the corresponding J ′′
numbers. Prior to the application of a femtosecond pulse
train, the distribution of rotational population is thermal
and corresponds to 6.3K (lower solid blue line - experiment,
dashed green line - calculations [36]). At this temperature,
only J ′′ = 0, 1 and 2 are populated significantly. An example
of the REMPI spectrum of rotationally excited molecules is
shown by upper solid red line. For a total laser kick strength
used in our experiments, states up to J ′′ = 7 are populated.
Second harmonic signal due to the nonlinear frequency
mixing of both input beams is measured as a function
of the delay time and the orientation angle of the wave
plate.
We first generate a pulse train with train period τ = 8
ps and constant polarization (δ = 0) coinciding with the
polarization of the reference pulse. With the half-wave
plate set to have no effect on the train polarization, we
observe the cross-correlation trace shown in Fig.3 (middle
panel). Then, pulse shaping is applied to generate a chi-
ral train with rotating polarization and the same train
period. The time delay of the reference pulse is set to
overlap a particular sub-pulse in the pulse train and the
cross-correlation signal is measured while the wave plate
is rotated. The result for a chiral train with δ = pi/4
is shown in Fig.3 (lower panel). Maximizing the cross-
correlation signal for each consecutive pulse requires ro-
tating the half-wave plate by ≈ 22.5◦, which corresponds
to the expected pulse-to-pulse polarization rotation of
45◦.
To probe the rotational distribution, we ionize nitro-
gen molecules via a “2 +2” REMPI scheme, with a two-
photon resonant transition a1Πg(v
′ = 1) ← X1Σ+g (v′′ =
0). The frequencies of the S-branch transitions (∆J = 2)
are well separated, allowing us to detect the popula-
tion of the first eight rotational levels J ′′ = 0, 1, ..., 7 of
the ground electronic state. REMPI spectrum of 14N2
molecules before and after the application of the excita-
tion laser field is shown in Fig.4. For most of our mea-
surements we use J ′′ = 3 and J ′′ = 4 because these states
exhibit the most pronounced change of population as a
result of rotational excitation.
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FIG. 5: (Color online) Total excitation efficiency for J ′′ = 3 (a),(c) and J ′′ = 4 (b),(d) rotational states of nitrogen. (a),(b):
double-kick excitation scheme, (c),(d): excitation with the chiral pulse train. In panel (b), the drop-off in signal at higher δ is
caused by a drift of probe wavelength over the course of the scan (2-3 hours). See text for details.
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FIG. 6: (Color online) Directionality of molecular rotation for J ′′ = 3 (a),(c) and J ′′ = 4 (b),(d) rotational states. (a),(b):
double-kick excitation scheme, (c),(d): excitation with the chiral pulse train. The maximum/minimum directionality achieved
is  = ±0.7 with the double-kick and  = ±0.4 with the chiral train technique. See text for details.
To achieve the high laser field intensity required to
drive multiple Raman transitions between the rotational
levels, pump and probe beams are focused by a 150 mm-
focal length lens. After measuring the focal spot size, the
peak intensity of unshaped pump pulses was estimated
on the order of 1013 W/cm2. This corresponds to the
dimensionless total kick strength P ≈ 5. The latter cor-
responds to a typical amount of angular momentum (in
units of ~) transferred from the field to the molecule, and
is defined as [3, 26]:
P =
∆α
4~
∫
ε2dt (2)
where ∆α is the anisotropy of the molecular polarizabil-
ity, and ε is the electric field amplitude.
Total pulse energy in the double-kick scheme was 500
µJ (250 µJ per pulse), and 190 µJ in the case of the
chiral pulse train (the latter being limited by the damage
threshold of the pulse shaper). From Eq.2, one can see
that the total kick strength is proportional to the total
pulse energy per unit area. However, the different beam
sizes in the double-kick and chiral train techniques led to
different focal spot sizes, making it difficult to produce
the same strength of rotational excitation (P ) with both
techniques. As such, we cannot compare the degree of
rotational directionality generated by each technique for
the same total kick strength.
We compare the two methods of rotational excita-
tion of nitrogen in Figures 5 and 6. With the probe
wavelength set to 283.06 nm (J ′′ = 3) and 283.05 nm
5(J ′′ = 4), we vary δ and τ while keeping the total en-
ergy, and hence the total rotational kick strength, con-
stant. We record the ionization signal for left and right
circularly polarized probe, SL and SR, respectively, and
define excitation efficiency as the sum of the two signals,
S = SL + SR. The degree of rotational directionality is
defined as  = (SL − SR)/(SL + SR). Figure 5 presents
the measured excitation efficiency as a function of δ and
τ , whereas directionality is shown in Figure 6.
Fig. 5 shows the total excitation efficiency for the
double-kick (a,b) and the chiral train (c,d) scheme. For
each technique we measure the rotational state popula-
tion of J ′′ = 3 (a,c) and J ′′ = 4 (b,d). Plots correspond-
ing to the same value of J ′′ show maxima in the similar
locations (e.g. a maximum at δ = pi/2, τ ≈ 800 fs on both
Fig.5 (a) and (c)). For a sequence of pulses with constant
polarization (δ = 0, pi), the total excitation efficiency for
J = 3 and J ′′ = 4 show maxima at τ ≈ 1700, 3500 fs and
τ ≈ 1250, 2500, 3750 fs, respectively. These times corre-
spond to integer multiples of the “period of rotation” for
the corresponding rotational states, which refers to the
evolution period of a rotational wavepacket consisting of
two rotational states separated by ∆J = ±2, for example
J ′′ = 3 and J ′′ = 1. Defined as TJ = h/(EJ − EJ−2), it
results in TJ=3 = 1677 fs and TJ=4 = 1198 fs.
As shown in our recent Letter [30], higher excitation ef-
ficiency signal occurs when the laser polarization rotates
“in-sync” with the molecules. This effect is demonstrated
clearly in the chiral train results (Fig.5 (c,d)) where the
lines of enhanced excitation form a distinct “X” pattern.
The slope of the lines defines a constant period of polar-
ization rotation in the chiral train, Tp = 2piτ/δ. A posi-
tive slope corresponds to the polarization rotating clock-
wise, while a negative slope corresponds to the counter-
clockwise rotating polarization. The classical state of en-
hanced molecular rotation, synchronous with the applied
laser field, corresponds to a quantum wavepacket whose
amplitude is coherently accumulating with each consec-
utive laser pulse. With fewer pulses, the excitation effi-
ciency is less sensitive to the train period and polarization
angle, resulting in the blurring of the “X” pattern in the
double-kick results (Fig.5 (a,b)). For both techniques,
the excitation signal is stronger at δ = 0, pi/2, pi (middle
and end points of the “X” pattern) where the conditions
of synchronous excitation are satisfied for both directions
of rotation.
Fig.6 shows the degree of rotational directionality,
 = (SL − SR)/(SL + SR), measured with the double-
kick (a,b) and chiral train (c,d) method. As with exci-
tation efficiency, we measure the rotational state popu-
lation of J ′′ = 3 (a,c) and J ′′ = 4 (b,d) for each tech-
nique. No directionality is measured for δ = 0, pi (non-
rotating polarization) or at δ = pi/2 for which clockwise
and counter-clockwise rotating molecules are equally ex-
cited, resulting in no preferential sense of rotation in the
ensemble. Both methods exhibit the ability to control
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1
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Trev,
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4
Trev and
full revival time Trev. Higher J ’s are not shown due to the
low signal-to-noise ratio.
the direction of molecular rotation. In Fig.6(a) and (c)
at δ = pi/4, τ ≈ 500 fs, both techniques produce clock-
wise rotation ( < 0), whereas counter-clockwise rotation
( > 0) is observed at δ = 3pi/4, τ ≈ 500 fs. The re-
sults for the double-kick scheme show that the strongest
directionality is produced when δ = pi/4, 3pi/4, in agree-
ment with the calculations of [8]. At these angles, the
torque applied to the molecular ensemble by the laser
field reaches maximum, resulting in the highest degree of
directional excitation. The chiral train also produces the
strongest directionality signal when δ ≈ pi/4, 3pi/4.
The “X” patterns of Fig.5 (c,d) correspond directly
to those in Fig.6 (c,d), confirming the directionality of
molecular rotation along the lines of maximum excita-
tion efficiency. As expected, middle and end points of
the “X” pattern (δ = 0, pi/2, pi) show  ≈ 0 reflecting
bi-directional excitation with no preferential sense of ro-
tation.
To further compare the two techniques, we investigate
the degree of rotational directionality as a function of
pulse separation τ at a fixed polarization angle between
pulses, δ = pi/4. Fig.7 shows (τ) for J ′′ = 2−4 measured
with each technique. Both techniques produce very simi-
lar structure, particulary at quarter, half, three-quarters
and full revival times (vertical dashed lines, Trev = 8.38
ps). The behavior around 12Trev mirrors the behavior at
Trev, with the directionality for all J ’s going from nega-
tive to positive at 12Trev and positive to negative at Trev.
At 14Trev and
3
4Trev, the states with even and odd val-
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FIG. 8: (Color online) Normalized excitation efficiency (a) and degree of directionality (b) for J = 2 − 5 states excited with
the chiral pulse train of period τ and pulse-to-pulse polarization angle of δ = pi/4. Vertical dashed lines indicate pulse periods
for selective excitation of a particular rotational state and the corresponding directionality at that time (see text for details).
Vertical solid lines mark 1
4
Trev and
3
4
Trev.
ues of angular momentum exhibit opposite sense of rota-
tion. Larger number of pulses in the chiral pulse train (in
comparison with the double-kick scheme) leads to higher
sensitivity to τ and correspondingly narrower features in
the observed time dependence.
Molecular spin isomers, such as para- and ortho- iso-
mers of 14N2, exhibit identical revival times yet differ-
ent structure of rotational levels. Paranitrogen does not
have odd J states in its rotational spectrum, whereas
even J ’s are missing in the spectrum of orthonitrogen.
After the excitation by a short laser pulse, the align-
ment factors for spin isomers evolve differently. Around
quarter-revival time, they are exactly out of phase, mean-
ing that the ortho molecules are maximally aligned when
the para molecules are maximally anti-aligned. Previ-
ously, this effect has been used to selectively excite one
spin isomer with a sequence of two pulses [37] or a train of
equally polarized pulses [29], leaving the other isomer in
its ground rotational state. Excitation fields with time-
dependent polarization, considered here, produce a very
different result. Both the double-kick and chiral pulse
train techniques can create a molecular ensemble of op-
positely rotating spin isomers. This is shown in Fig.7
where at τ = 14Trev = 2100 fs, positive directionality is
detected for even rotational states (J ′′ = 2, 4) and nega-
tive directionality - for odd rotational states (J ′′ = 3).
Notably, the technique of chiral pulse train enables se-
lective directional excitation of not only a set of rota-
tional levels (as in the case with spin isomers described
above), but also of individual J-states. This is demon-
strated in figure 8 where we show the normalized exci-
tation signal (a) and the degree of directionality (b) for
J ′′ = 2 − 5 as a function of the pulse train period τ ,
at δ = pi/4. Various dashed lines mark periods that re-
sult in a preferential excitation of a particular rotational
state and the corresponding directionality at that value
of τ . For example, the three train periods that result
in the excitation of J ′′ = 3 while leaving other J ’s al-
most unexcited, are labeled τ
(3)
1,2,3 ≈ 1300, 3000, and 7100
fs. As can be seen in the lower panel of Fig.8, at τ
(3)
1
and τ
(3)
2 positive directionality is measured, indicating
counter-clockwise rotation, whereas at τ
(3)
3 the direction-
ality signal is negative, corresponding to clockwise rota-
tion. Other dashed lines similarly point to values of τ
which provide selective excitation of J ′′ = 2, 4 and 5 in
either clockwise or counter-clockwise direction (minimum
or maximum in the corresponding directionality signal,
respectively). Note that at τ = 14Trev and τ =
3
4Trev
(vertical solid lines), all states are excited with maxi-
mum efficiency as required for creating an ensemble of
counter-rotating isomers discussed above.
The double-kick technique enables an equally efficient
control of rotational directionality, but does not offer se-
lectivity in J due to the small number of laser pulses and
correspondingly lower time resolution. Inspecting Fig.5
(a) and (b), one can see that although some limited se-
lectivity of excitation exists at δ = 0, it is quite poor
at δ = ±pi/4 - the angle necessary to induce maximum
degree of directionality.
Selective alignment of two molecular isotopologues,
14N2 and
15N2, has been first proposed and demon-
strated with a sequence of two equally polarized laser
pulses [38]. In our recent work [29], we have used the
7 
 
 
Di
re
cA
on
al
ity
%(a
rb
.%u
ni
ts
)
Pulse%train%period,%τ%(ps)
 
J=3
J=4
O0.5
0
0.5
0 1 2 3 4 5 6 7 8 9
O0.5
0
0.5
Friday, July 13, 12FIG. 9: (Color online) Degree of rotational directionality for
nitrogen isotopologues, 14N2 (upper panel) and
15N2 (lower
panel), induced with the double-kick technique at δ = pi/4.
Solid (dashed) lines indicate full (half) revival time for each
molecule, Trev = 8.38 ps for
14N2, and Trev = 8.98 ps for
15N2. Black squares (circles) mark the values of τ resulting
in clockwise (counter-clockwise) rotation.
effect of quantum resonance in the periodically kicked
rotor system to selectively excite a particular isotopo-
logue of nitrogen with a train of femtosecond pulses of
constant polarization. In both approaches, one exploits
the fact that different isotopologues exhibit different re-
vival times. Here, we discuss the possibility of creating
an ensemble of counter-rotating molecular isotopologues.
Fig.9 shows the experimentally observed degree of rota-
tional directionality in 14N2 and
15N2, excited with the
double-kick method. The directionality signal oscillates
as a function of τ with the oscillation period being dif-
ferent for different molecules.
Similarly to the results of Fig.7, the directionality sig-
nal for both isotopologues changes from negative (clock-
wise rotation) to positive (counter-clockwise rotation) at
1
2Trev and vice versa at Trev. Because of the difference
in rotational constants, a full revival time of 15N2 will
coincide with a half revival time of 14N2 at 70.9 ps [38].
A second laser pulse polarized at an angle of δ = pi/4
with respect to the first one and applied shortly before
or after this characteristic time will produce negative di-
rectionality in one isotope and positive directionality in
the other. This relatively long time delay can be achieved
by the double-kick technique but is beyond the capabil-
ity of the chiral train method, which is limited by the
resolution of a pulse shaper to τ ≤ 10 ps.
We also explore the effect of different numbers of pulses
in the chiral pulse train by varying the modulation am-
plitude A (see Eq.1). Left panel of Fig. 10 shows the
degree of observed directionality at J ′′ = 3 with train
parameters δ = pi/4 and variable A = 2.5 − 4. Calcu-
lated train envelopes for these values of A are shown in
the right panel. As the number of pulses in the train
increases, the directionality peaks become narrower and
new “side band” peaks begin to appear. For example,
around 1300 fs there are 3 distinct peaks when A = 2.5
and 5 peaks when A = 4. This observation agrees well
with the theoretical model which shows that the number
of local minima between the resonant peaks of (τ) is ap-
proximately equal to the number of pulses in the train
[39].
In summary, we have characterized two experimental
techniques for controlling the direction of molecular ro-
tation using sequences of laser pulses with rotating po-
larization. We have confirmed the ability to control the
sense of molecular rotation with both techniques. Us-
ing a polarization sensitive and state selective detection
technique, we have shown that increasing the number of
excitation pulses allows one to control the direction of
molecular rotation simultaneously with quantum state
selectivity. Using the chiral pulse train method, we have
tuned the time delay between pulses and the pulse-to-
pulse polarization rotation angle in such a was as to excite
a particular rotational state and control the direction of
molecular rotation for that state. With both techniques,
we have extended previously demonstrated selective ex-
citation of molecular spin isomers and isotopologues by
demonstrating the ability to rotate them in opposite di-
rections. This work offers new tools of rotational control
in molecular mixtures.
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